Inositol-requiring enzyme 1 (IRE1) is a conserved sensor of the unfolded protein response that has protein kinase and endoribonuclease (RNase) enzymatic activities and thereby initiates HAC1/XBP1 splicing. Previous studies demonstrated that human IRE1a (hIRE1a) does not cleave Saccharomyces cerevisiae HAC1 mRNA. Using an in vitro cleavage assay, we show that adenine to cytosine nucleotide substitution at the +1 position in the 3 0 splice site of HAC1 RNA is required for specific cleavage by hIRE1a. A similar restricted nucleotide specificity in the RNA substrate was observed for XBP1 splicing in vivo. Together these findings underscore the essential role of cytosine nucleotide at +1 in the 3 0 splice site for determining cleavage specificity of hIRE1a.
Inositol-requiring enzyme 1 (IRE1) is a conserved sensor of the unfolded protein response that has protein kinase and endoribonuclease (RNase) enzymatic activities and thereby initiates HAC1/XBP1 splicing. Previous studies demonstrated that human IRE1a (hIRE1a) does not cleave Saccharomyces cerevisiae HAC1 mRNA. Using an in vitro cleavage assay, we show that adenine to cytosine nucleotide substitution at the +1 position in the 3 0 splice site of HAC1 RNA is required for specific cleavage by hIRE1a. A similar restricted nucleotide specificity in the RNA substrate was observed for XBP1 splicing in vivo. Together these findings underscore the essential role of cytosine nucleotide at +1 in the 3 0 splice site for determining cleavage specificity of hIRE1a.
Keywords: HAC1; IRE1; RNase; XBP1 Protein folding homeostasis in the endoplasmic reticulum (ER) is critical for cellular function. Extracellular and intracellular perturbations, e.g., chemical treatments and/or physiological conditions result in the accumulation of unfolded/misfolded proteins in the ER [1] . The unfolded protein response (UPR) is an evolutionarily conserved signaling pathway in all eukaryotic cells designed to correct the challenged ER protein folding environment [2] [3] [4] .
Inositol-requiring enzyme 1 (IRE1) is a sensor that detects the accumulation of unfolded proteins in the ER lumen. It possesses dual catalytic functions, protein kinase and endoribonuclease (RNase) activities [5, 6] . Under conditions of ER stress, Saccharomyces cerevisiae Ire1 (Ire1p) is activated by trans-autophosphorylation that elicits its RNase function to initiate unconventional splicing of HAC1 mRNA to remove a 252-nucleotide intron [7, 8] , causing a translational frame-shift to produce spliced form of HAC1 mRNA [9, 10] . Spliced HAC1 mRNA is translated into fully active Hac1p, a basic leucine zipper transcription factor, which induces transcription by binding to a 22-bp UPR element (UPRE) located in the promoter regions of genes encoding many functions in the early secretory pathway [10] . The activated Ire1p RNase domain recognizes and cleaves HAC1 mRNA precisely at a seven-nucleotide stem-loop structure. Besides the stemloop structure, nucleotide sequences within the loop Abbreviations DTT, dithiothreitol; ER, endoplasmic reticulum; FBS, fetal bovine serum; hIRE1a, human IRE1a; IRE1, inositol-requiring enzyme 1; PBS, phosphate buffer saline; RIDD, regulated IRE1-dependent decay; RNase, endo ribonuclease; UPR, unfolded protein response. also significantly contribute to the cleavage specificity of Ire1p. Previous experiments indicated that nucleotides at positions À3, À1, +3, and +5 relative to the cleavage sites at both the 5 0 and 3 0 splice site junctions of yeast HAC1 mRNA are required for cleavage by Ire1p. Mutation at these positions inhibited splicing during ER stress [11] .
There are two forms of IRE1 in mammalian cells, IRE1a and IRE1b [4,6], however IRE1a is only form that is expressed ubiquitously and triggers the mammalian UPR. Although a HAC1 mRNA homolog could not be identified in metazoan cells, the substrate of metazoan IRE1a was identified by several groups as X-box-binding protein 1 (XBP1) mRNA [12, 13] . XBP1 shares common important features with HAC1 mRNA including a stem-loop structure at the exonintron junctions and the conserved nucleotides of XBP1 mRNA at position À3, À1, and +3 [14] . There are differing reports on the ability of IRE1a to initiate splicing in HAC1 mRNA. Niwa et al. [15] reported that the RNase activity of the truncated IRE1a cytoplasmic domain overexpressed in baculovirus efficiently cleaved HAC1 mRNA in vitro. In contrast, full-length IRE1a expressed in mammalian cells efficiently cleaved HAC1 mRNA at the 5 0 splice site junction, but not at the 3 0 splice site junction [6, 16] . The cause of the different substrate specificity at the 5 0 and 3 0 splice site junctions of HAC1 mRNA is not known. In order to identify the specificity of IRE1a RNase activity, we employed a well-characterized yeast model to investigate the function of human IRE1a (hIRE1a) in mediating HAC1 mRNA splicing, as well as in mediating fruit fly Drosophila melanogaster XBP1 (dmXBP1) mRNA splicing in mammalian cells. We found that hIRE1a can splice HAC1 mRNA in yeast only when the nucleotide at +1 position in the 3 0 splice site junction is mutated from adenine to cytosine. In addition, cytosine at +1 in the 3 0 splice site junction was required for hIRE1a to cleave dmXBP1 mRNA.
Materials and methods

Bacterial strains, yeast strains, and cell lines
Saccharomyces cerevisiae AWY14 (W303-1A, UPRE-CYC1-LacZ, UPRE-CYC1-LEU2) and S. cerevisiae AWY19 (Same as to AWY14 except Dire1::kanamycin r )
were used for heterologous gene expression [17] . Escherichia coli DH5a was used for propagation and construction of all plasmids. The S. cerevisiae Dire1/Dhac1 strain was constructed from AWY19. The HAC1 locus was replaced with a Zeocin-resistant gene expression cassette streptomycin at 37°C in a humidified 10% CO 2 -90% air atmosphere.
Plasmid construction
The hIRE1a expression plasmid for yeast was constructed by subcloning the hIRE1a fragment from pED-hIRE1a [6] into pYES2 (Invitrogen) yielding pYES-hIRE1a. The S. cerevisiae Ire1 expression plasmid (pYES-Ire1) was generated as described previously [17] .
Wild-type HAC1 expression plasmid (pBluescript-HAC1) used for in vitro transcription template of unspliced HAC1 was obtained and constructed as described previously [6] . To construct mutated HAC1 variants for in vitro transcription, pBluescript-HAC1 was used as template for PCRbased site-directed mutagenesis using Pfu DNA polymerase (Promega, Madison, WI, USA). The M1F and M1R were used to introduce a single nucleotide cytosine to adenine change at the +1 residue in HAC1 at the 3 0 splice junction to generate pBluscript-mtHAC1. The mutation was confirmed by automated DNA sequencing.
To construct the HAC1 expression vector in yeast, the full-length HAC1 coding sequence was amplified from S. cerevisiae genomic DNA by PCR using HAC1F and HAC1R with VentÒ DNA polymerase. The PCR product was subcloned into the multicopy plasmid pTB326 between the EcoRI and KpnI sites generating pTB-HAC1. To generate the mutated HAC1 recombinant plasmid, site-directed mutagenesis in pTB-HAC1 was performed using MHAC1F and MHAC1R primers with Phusion DNA polymerase (Thermo Scientific, Waltham, MA, USA). In addition, the expression plasmid for both wild-type HAC1 and mutated HAC1 under regulation of its own promoter were generated. The HAC1 coding sequence was amplified using full-HAC1F and full-HAC1R primers and was subcloned into the low-copy plasmid (pCM181) between the BamHI and ClaI sites yielding pCM181-HAC1. Site-directed mutagenesis was also performed using MHAC1F and MHAC1R generating pCM181-mtHAC1.
The mutant unspliced dmXBP1 expression plasmid was constructed by single nucleotide substitution at the +1 position in the 3 0 splice site junction in pcDNA-dmXBP1 u [18] by a PCR approach using MdmXBP1F and MdmXBP1R primers with Phusion DNA polymerase (Thermo Scientific).
HAC1 RNA in vitro cleavage
An in vitro cleavage assay was performed as described previously [8] . A 550 bp fragment of HAC1, covering the 252 bp intron, was transcribed in vitro in the presence of a-[
32 P]-UTP (Amersham Pharmacia, Piscataway, NJ, USA) using T7 RNA polymerase (Ambion, Austin, TX, USA). The radiolabeled HAC1 RNA was purified by electrophoresis on a 6% urea polyacrylamide gel. The RNA was extracted and purified from the polyacrylamide gel slice using endoribonuclease buffer (20 mM HEPES, pH 7.3, 10 mM magnesium acetate, 50 mM potassium acetate, 1 mM dithiothreitol (DTT), and 2 mM ATP). The purified RNA was incubated with hIRE1a immunoprecipitated from transiently transfected COS-1 cells at 30°C for 30 and 60 min [6] . The reaction was stopped by phenol/chloroform extraction and then analyzed by electrophoresis on 10% polyacrylamide gels followed by autoradiography.
Transformation of the Δire1/Δhac1 S. cerevisiae strain Both HAC1 and IRE1 were expressed in the S. cerevisiae double-mutant stain using exogenous chromosomal markers. One hundred nanograms of each expression plasmid for IRE1 (pYES-Ire1, pYES-hIRE1a) and HAC1 (pTB-HAC1, pTB-mtHAC1 or pCM181-HAC1, pCM181-mtHAC1) was cotransformed into S. cerevisiae by electroporation [19] . The positive clones were selected on uracil and tryptophan dropout (ÀURA, ÀTRP) medium and transformants were screened by colony PCRs using specific primers for each gene (Table 1) .
Heterologous protein expression in yeast and b-galactosidase assay
Yeast cells harboring the pTB (pCM181) and the pYES plasmids were grown in ÀURA, ÀTRP medium containing 1% (w/v) D-raffinose. IRE1 expression was induced by addition of D-galactose (2% (w/v) final). b-mercaptoethanol (b-ME) or DTT was applied to the final concentration of 15 mM or 5 mM, respectively, and cultures were incubated for another 6 h or 2 h. Cells were then collected for b-galactosidase activity measurement [20] .
Transient DNA transfection and western blotting
Transient DNA transfection of the dmXBP1 u expression plasmid into COS-1 cells was performed by Lipofectamine 2000 (Invitrogen) following the supplier's instructions. At 48 h after transfection, the cells were treated with 5 mM DTT for 2 h. Cells were collected to measure dmXBP1 splicing.
For western blot analysis, cell extracts were harvested in RIPA lysis buffer [1% (v/v) NP-40, 0.5% sodium deoxycholate, 0.1%(w/v) SDS in phosphate-buffered saline (PBS)] supplemented with protease inhibitor cocktail III (AG Scientific, San Diego, CA, USA). The protein concentration was determined using DC protein assay (Bio-Rad, Hercules, CA, USA). COS-1 extracted proteins (~30 lg) were resolved on 4-15% polyacrylamide gradient gels (BioRad). The blot was probed with mouse polyclonal antibody against ORF1 of dmXBP1, and then antigen-antibody complexes were monitored with horseradish peroxidase conjugated with anti-mouse IgG (Sigma, Saint Louis, MO, USA) and West Dura chemiluminescent substrate (Thermo Scientific).
RNA isolation, RT-PCR, and qRT-PCR
Total RNAs from all strains of S. cerevisiae and COS-1 cells were extracted by TRIzole reagent (MRC). For RNA extraction from yeast cells, cells were pretreated with lyticase before subjection to RNA extraction. First-strand cDNA synthesis was performed using 1 lg of DNaseI (Promega)-treated RNA by using Oligo(dT) primers and Impromp-II reverse transcriptase (Promega). To detect HAC1 s mRNA level, HAC1SF and HAC1SR, specific primer pairs were used. The HAC1SF-binding site is in exon1 , whereas the HAC1SR-binding site is at the junction of exon1 and exon2 in HAC1 s mRNA. The Ire1 and hIRE1a expression levels were measured using 6319B and 6320B primer pairs, respectively. The yeast actin (internal control) was detected by yActinF and yActinR primers. All PCR amplifications were performed using Taq DNA polymerase (Promega). The expression of KAR2 and PDI1 transcript was quantitated by SYBR Green (KAPA SYBRÒ) qRT-PCR analysis. Yeast actin was used as an internal control. The dmXBP1 splicing was monitored by using dmXBP1F and dmXBP1R, intron flanking primers. The primers used for PCR and qRT-PCR are shown in Table 1 .
Immunoprecipitation
Human IRE1a protein expression and collection was performed as previously described [18] . Briefly, cell lysates from transfected COS-1 cells were incubated with protein G sepharose (Amersham Pharmacia) conjugated with antiIRE1a antibody overnight at 4°C. The IRE1a-antibody protein complex was retrieved by centrifugation at 400 g for 5 min at 4°C and washed with PBS containing 1%, 0.5%, and 0.05% (v/v) Triton X-100.
Results
hIRE1a cannot restore UPR signaling in Ire1-null S. cerevisiae
To investigate the ability of hIRE1a to signal the UPR in yeast, hIRE1a and Ire1 expression plasmids were transformed into the ire1-null strain of S. cerevisiae AWY19 in which the endogenous IRE1 gene was disrupted. Yeast cells expressing Ire1 showed significant increase in the basal level of b-galactosidase activity even in D-raffinose-containing medium compared to the basal level of empty vector alone (Fig. 1) . Upon switching the carbon source to D-galactose, the expression of the UPR reporter increased significantly (greater than fivefold). Addition of b-mercaptoethanol (b-ME) to the medium, to induce ER stress, further enhanced reporter gene activity by 10-fold compared to its basal activity, indicating that expression of Ire1p fully complements the UPR in a yeast strain devoid of the endogenous IRE1 locus. In contrast, the expression of hIRE1a in S. cerevisiae AWY19 failed to activate the UPR reporter gene as indicated by the low level of b-galactosidase activity in both the absence and presence b-ME, similar to results obtained from the strain carrying an empty plasmid. The failure of hIRE1a to restore the UPR in this system suggests that significant differences exist in the catalytic properties between Ire1p and hIRE1a.
The nucleotide at +1 position in the 3 0 stem loop of HAC1 is critical for in vitro cleavage by hIRE1a
Aside from the consensus nucleotides at À3, À1, and +3 relative to cleavage site in both HAC1 and XBP1 mRNA, the cytosine (C) at +1 in the 3 0 splice site junction of XBP1 from various organisms is conserved, whereas the adenine (A) is present in yeast HAC1 (Fig. 2A) . To test whether this nucleotide is important for hIRE1a catalytic specificity, in vitro cleavage of HAC1 RNA was performed. The in vitro transcript HAC1 was incubated with immunoprecipitated hIRE1a from transiently transfected COS-1 cells. Denaturing gel electrophoresis was used to measure the cleavage of HAC1 RNA by hIRE1a (Fig. 2B) . The wild-type HAC1 transcript was partially cleaved by hIRE1a. The cleavage could be observed within 30 min generating only two fragments of approximately 224 and 326 nucleotides corresponding to the sizes of the 5 0 exon and intron-plus 3 0 exon, respectively. There was no RNA fragment represented as the 3 0 exon (74 nucleotides) in this reaction. Prolonged incubation did not alter the pattern or the efficiency of cleavage. In contrast, incubation with a mock-transfected sample did not demonstrate any RNA cleavage, confirming that HAC1 RNA was cleaved due to hIRE1a activity restricted at the 5 0 splice site as previously reported [6] . Incubation of the mutant HAC1 RNA with hIRE1a also generated the fragments corresponding to the 5 0 exon and intron-plus 3 0 exon, as well as two additional bands corresponding to sizes of the intron (252 nucleotides) and 3 0 exon of HAC1 RNA similar to the in vitro cleavage pattern of HAC1 RNA mediated by Ire1p [6] . Increasing the time of hIRE1a incubation decreased the intron-plus 3 0 exon RNA level in contrast to the 3 0 exon that was increased. This indicates that the 3 0 splice site junction on mutant HAC1 RNA was correctly cleaved by hIRE1a. Thus, we conclude that C at this position in the 3 0 stem-loop structure of HAC1 RNA is crucial specifically for hIRE1a cleavage activity (Fig. S1A) as same as C (À3), G (À1), and G (+3) in the RNA substrate [21] .
hIRE1a can restore UPR function in S. cerevisiae if the HAC1 3 0 splice site junction is mutated to cytosine
The ability of hIRE1a to cleave wild-type and mutant HAC1 mRNA to signal the UPR in yeast was studied by transforming the corresponding recombinant plasmids into Dire1/Dhac1 S. cerevisiae. This doubledeleted strain lacks two essential components of the UPR and was unable to activate the UPR reporter in response to ER stress. The presence of a plasmid encoding only one UPR component (Hac1p or Ire1p) slightly increased the basal level of UPR reporter activity when compared to the empty vector alone (Fig. 3A) . UPR reporter activity was further increased upon stress induction. UPR induction measured by b-galactosidase activity was markedly increased in clones harboring wild-type or mutant HAC1 with the Ire1 expression plasmid (20-fold over basal). UPR activity in these clones responded to an ER stress inducer,~25-fold induction upon ER stress generated by b-ME. Unlike Ire1 coexpression, cells expressing hIRE1a with wild-type HAC1 were not able to induce reporter expression. In response to ER stress, b-galactosidase activity by this clone was the same as the clone expressing HAC1. In contrast, the clone with mutated HAC1 and hIRE1a exhibited the similar UPR induction as wild-type or mutant HAC1 with Ire1 (30-fold induction over basal). These data indicate that the yeast UPR can be complemented by hIRE1a if the yeast expresses the mutant HAC1. Notably, cells expressing mutant HAC1 and hIRE1a showed a similar growth rate to wild-type or mutant HAC1 with Ire1 under nonstress and ER stress conditions induced by addition of DTT (b-ME) (Fig. S2) .
To confirm that coexpression of hIRE1a and mutant HAC1 restored the UPR, the amount of unspliced HAC1 (HAC1 u ) and spliced HAC1 (HAC1 s ) transcript was quantified by RT-PCR. Initially, we used a primer pair that flanks the intron nucleotides in order to amplify both HAC1 u and HAC1 s but the HAC1 s was weakly detected. We speculated that HAC1 s was not efficiently amplified by using this primer pair because HAC1 s expression is much lower than HAC1 u . Therefore, we designed primers that specifically bind to the HAC1 s transcript to prevent the competitive amplification of HAC1 u in the PCR reaction. After growth of yeast cells in selective medium supplemented with D-galactose, the 250 bp of HAC1 s was exclusively observed in response to ER stress after allowing hIRE1a expression with the mutant HAC1 (Fig. 3B) .
In addition, expression of KAR2, one of the endogenous UPR target genes that is highly induced upon ER stress was measured by qRT-PCR. KAR2 mRNA expression was induced up to twofold in yeast cells expressing hIRE1a with the mutant HAC1 compared to wild-type HAC1 which displayed a similar KAR2 mRNA level as the negative control group. Similarly, PDI1 expression was also increased in this clone (Fig. 3C) . Collectively, these results indicate that coexpression hIRE1a and mutant HAC1 activate the UPR in yeast cells.
Specific C to A mutation at +1 in the 3 0 splice junction of D. melanogaster XBP1 mRNA abolishes hIRE1a cleavage in mammalian cells It was demonstrated that hIRE1a can splice dmXBP1 similar to human XBP1 mRNA [18] . Therefore, to test whether the cytosine at +1 in the 3 0 splice site junction is critical for the hIRE1a cleavage, the cytosine (C) at +1 in the 3 0 splice junction of pcDNA-dmXBP1 u was mutated to adenine (A), guanine (G), or thymine (T). In untreated cells, only a 240 bp of dmXBP1 u transcript was observed (Fig. 4A) . Addition of DTT resulted in excision of a 23-nucleotide intron; 217 bp of dmXBP1 s was detected simultaneously with dmXBP1 u in wild-type dmXBP1 u -transfected cells. In Fig. 3 . Specific point mutation in HAC1 mRNA complements the ability of hIRE1a to signal the UPR. Δire/Δhac1 yeast harboring IRE1 and HAC1 recombinant plasmids were cultured in D-galactosecontaining medium for indicated times followed by addition of b-ME or DTT. (A) The UPRE-LacZ reporter activity after cells were cultured in ÀURA, ÀTRP synthetic medium containing D-galactose (2%) for 12 h and then exposed to b-ME for 6 h.
(B) RT-PCR of spliced HAC1 (HAC1 s ) transcript from cells at 12 h after IRE1 induction and 5 mM DTT treatment (2 h) using specific primers. Actin was used as an internal control. (C) qRT-PCR of KAR2 and PDI1 from yeast cells cultured in Dgalactose-containing medium for 16 h and DTT treatment for 2 h. The mRNA levels of both KAR2 and PDI1 were measured by qRT-PCR using specific primers and normalized to actin levels. *Represents significant difference (P < 0.05) of UPR responsive genes by one-way ANOVA analysis.
contrast, hIRE1a failed to splice mutant dmXBP1 u to generate a dmXBP1 s . We next determined the expression pattern of exogenous dmXBP1 by western blot analysis using polyclonal antibody against amino acid sequence of ORF1 (Fig. 4B) . A single protein of dmXBP1 u (~37 kDa) was detected in untreated cells, where the dmXBP1 s (~50 kDa) appeared together with dmXBP1 u in DTT-treated cells that express wildtype dmXBP1 u . The dmXBP1 s protein was not detected in COS-1 transfected with the mutant dmXBP1 u expression plasmids. Taken together, we conclude that cytosine at +1 in the 3 0 splice site junction is crucial for hIRE1a cleavage.
Discussion
The UPR is a vital eukaryotic intracellular signaling pathway for coping with stress from unfolded protein accumulation within the ER. In metazoans, the UPR is signaled through three ER transmembrane protein sensors (ATF6, IRE1, and PERK) but only IRE1 is conserved in yeast [3] . By using the Δire1/Δhac1 yeast strain as an analysis platform, we first elucidated that hIRE1a can be expressed in yeast and it is capable of complementing Ire1p function.
Despite using the same expression platform, mutant HAC1 splicing mediated by hIRE1a was much less effective than Ire1p to induce the UPR. This was not due to inappropriate targeting of hIRE1a to the ER because the signal peptide sequence at the N terminus of hIRE1a efficiently targets Ire1p to the ER in yeast [22] . We propose that hIRE1a may not be fully active to cleave mutant HAC1 as they may not efficiently to form oligomers in yeast cell. Secondly, the reduced UPR induction may due to an incompatibility between yeast tRNA ligase and hIRE1a in mediating mutant HAC1 splicing. In metazoans, the XBP1 mRNA ligation is mediated by tRNA ligase complex having RtcB as a catalytic subunit [23, 24] . Insight specific into the molecular mechanism of RNA ligation, yeast tRNA ligase utilizes 5 0 -3 0 RNA ligation in HAC1 splicing that is different from that demonstrated in XBP1 splicing (3 0 -5 0 RNA ligation) [25, 26] . Although HAC1 and XBP1 mRNA share some features important for unconventional splicing, including a stem-loop structure at the exon/intron junction and conserved nucleotides at À3(C), À1(G), and +3(G) within the loops at both the 5 0 and 3 0 splice site junctions [14], the mechanism by which IRE1a could not cleave the 3 0 splice site in HAC1 was unknown [6, 15, 16, 27] . We found that hIRE1a was unable to cleave wild-type HAC1. However, replacement of the adenine at the +1 position at the 3 0 splice junction in HAC1 mRNA with a cytosine restored cleavage by hIRE1a, whereas adenine (A) to guanine (G) or thymine (T) substitution at this position did not (Fig. S1A) . Not only was a cytosine required at the +1 position of the 3 0 splice junction but the cytosine at +1 position of the 5 0 splice junction was also required for HAC1 mRNA cleavage by hIRE1a (Fig. S1B) . Consistent with this observation, mutation of the +1 cytosine residue at the 3 0 and 5 0 splice site junction in D. melanogaster XBP1 mRNA to other nucleotides completely abolished cleaving by hIRE1a ( Figs 4A,B and S3A,B) . The crystal structure of IRE1 catalytic domain revealed that the helix loop element (HLE) within the RNase domain of each monomer forms the cavity that spatially serves as a recognition site for the HAC1/XBP1 stem-loop structure. Precisely, the CNGCNG motif is docked within this cavity of the dimer/oligomer [28] . It was proposed that the RNA-binding cavity created in the IRE1a RNase domain is more stable by the close packing of the HLEs than that in Ire1p [28] . In this case, the cytosine at +1 of the 3 0 splice junction on HAC1/XBP1 mRNA substrate may be required for IRE1a-RNA complex formation.
Besides XBP1 splicing, the IRE1a RNase activity also triggers regulated IRE1-dependent decay (RIDD) to degrade some of ER-localized mRNAs under chronic ER stress [29, 30] . Interestingly, all recently reported RIDD mRNA substrates such as CD59, RUVBL1, and INS exhibit the same unique cleavage site between G and C within the highly conserved recognition CNGCNG motif within XBP1 mRNA [31, 32] . Notably, some RIDD substrates are associated with diseases, including cancer (PPP2R1A, PEPD, and GEMIN5 mRNA) and inflammatory disease (CD59, PRKCD, and INS1 mRNA) [33] . Therefore, our basic knowledge of hIRE1a cleavage specificity may lead to new strategies for treating diseases associated with altered IRE1a activity [34] .
In conclusion, our findings provide direct evidence that hIRE1a can signal the UPR in yeast. However, hIRE1a splicing of HAC1 mRNA requires a cytosine at position +1 in the 3 0 splice site junction.
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